Self-diffusion of Si in thermally grown SiO 2 is modeled taking into account the effect of SiO molecules generated at the Si/SiO 2 interface and diffusing into SiO 2 to enhance the self-diffusion. Based on the model, a recent self-diffusion experiment of ion-implanted 30 Si in SiO 2 , which showed increasing self-diffusivity with decreasing distance between the 30 Si diffusers and Si/SiO 2 interface ͓Fukatsu et al., Appl. Phys. Lett. 83, 3897 ͑2003͔͒, was simulated, and the simulated results fit the experimental profiles. Furthermore, the simulation predicts that the self-diffusivity would increase for a longer annealing time because more SiO molecules should be arriving from the interface. Such time-dependent diffusivity was indeed found in our follow-up experiments, and the profiles were also fitted by the simulation using a single set of parameters.
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With the scaling down of Si devices, the bulk materials of interest are closer to material interfaces. Therefore, even phenomena in bulk materials, such as diffusion, are more likely to be affected by interfaces, such as the Si/SiO 2 interface. Recently, we have obtained the experimental result that the distance from the Si/SiO 2 interface has a strong influence on Si self-diffusion in SiO 2 . 1 In this letter, we constructed a model in which SiO molecules generated at the interface and diffusing into SiO 2 enhance Si self-diffusion in SiO 2 . Based on the model, we simulated the diffusion profiles of ionimplanted 30 Si in SiO 2 for various temperatures and SiO 2 thicknesses in a unified manner. In addition, the simulation predicts the possibility of time-dependent diffusivity, which indeed was experimentally observed in this study.
In our previous experiment, 1 we showed that the selfdiffusivity obtained from the diffusion profile of implanted 30 nat Si refers to Si with the natural isotopic abundance.͒ As the possible origins of the distance dependence of Si self-diffusion, we have examined the effect of nonstoichiometry ͑excess Si in SiO 2 ) claimed in Refs. 3 and 4 and the effect of lattice damage due to implantation. We have also evaluated the stress due to silicon-nitride capping layer. However, none of these effects is large enough to induce the large enhancement of the silicon self-diffusivity ͑a factorof-6 enhancement between 200 and 650 nm from the interface͒. These experimental results lead us to conclude that Si species generated at the Si/SiO 2 interface and diffusing into SiO 2 enhance the Si self-diffusion. There have been a number of suggestions, based on experimental speculations and theoretical predictions, regarding emission of Si species from the Si/SiO 2 interface to SiO 2 . [5] [6] [7] [8] [9] [10] [11] In our view, SiO generated at the Si/SiO 2 interface via the reaction SiϩSiO 2 →2SiO 5, 6 is the most likely candidate as the dominant Si species. In the uncapped sample, oxygen diffusing from the surface reacts with the SiO near the interface and the SiO cannot reach the region where 30 Si diffusion is taking place. Therefore, there is no enhancement of Si self-diffusion and only thermal equilibrium self-diffusion is observed. On the other hand, for the capped sample, where the cappings act as perfect barriers against oxygen incorporation, the SiO generated diffuses into the region of implanted 30 Si. Therefore, the enhanced selfdiffusion via the SiO is observed together with the thermal self-diffusion. Consequently, we propose a mechanism of Si self-diffusion in SiO 2 where R is the reaction term for Eq. ͑1͒ given by
The Si self-diffusivity is, as a whole, described by
In these equations, C x is the concentration of the corresponding species in Eqs. ͑1͒ and ͑2͒, D Si SD (th) the thermal Si selfdiffusivity, D SiO the diffusivity of SiO, and k f and k b are the forward and backward rate constants of Eq. ͑1͒. In Eq. ͑7͒, D SiO SD ϭD SiO C SiO 0 /N 0 is the self-diffusivity of silicon via SiO molecules, where N 0 denotes the number of SiO 2 molecules in a unit volume of silicon oxide. Here, C SiO 0 denotes the maximum concentration of SiO interstitials in SiO 2 and is described as C SiO 0 ϭ3.6ϫ10 24 exp(Ϫ1.07 eV/kT), which is estimated from the product of the interstitial segregation coefficient for the Si/SiO 2 interface 12 and the equilibrium selfinterstitial concentration in Si. 13 In Eq. ͑3͒, the thermal selfdiffusion ͓Eq. ͑2͔͒ is represented by the diffusion term with D Si SD (th) , which is independent of C30 Si , 2, 4 Si at the interface is neglected. The boundary condition at the nitride-capped surface is represented by a zero-flux condition because the cappings act as barriers. Reaction ͑1͒ is assumed to be so fast that the local equilibrium of the reaction is established, and hence the rate constants are set to be large enough. In addition, Si and SiO 2 are thermodynamically in equilibrium with SiO with a certain solubility in SiO 2 , which only depends on temperature. At the interface, therefore, SiO is generated until this solubility value has been reached and a higher concentration of SiO leads to decomposition of SiO into Si and SiO 2 . Interfacial reactions are generally much faster than one-dimensional diffusion away from an interface. Therefore, we assume that the generation rate of SiO at the interface is large enough so that the SiO concentration at the interface is fixed at C SiO 0 . The only parameter deduced from the simulation to fit the experimental profiles of 30 Si is D SiO . Equations ͑3͒-͑6͒ were solved numerically by the partial differential equation solver ZOMBIE. 14 We simulated the diffusion profiles of ion-implanted 30 Si in 28 SiO 2 in nitride-capped samples measured as a function of the temperature ͑1150, 1200, and 1250°C͒ and 28 SiO 2 thickness ͑200, 300, and 650 nm͒. The experimental procedure is described in our previous letter. 1 Thermally grown 28 SiO 2 samples were implanted with 30 Si at 50 keV to a dose of 2ϫ10 15 cm Ϫ2 and capped with a 30-nm-thick silicon nitride layer. Figure 1 SiO 2 thicknesses using the same parameter values for each temperature. In Fig. 1 Si region critically depends on the distance from the interface, where the SiO is generated.
The value of D SiO was deduced from the fittings and is described as D SiO ϭ3.4ϫ10
2 exp(Ϫ5.2 eV/kT). The temperature dependence of the D SiO is shown in Fig. 2 Si depth profiles and simulated 28 SiO profiles after annealing of 24 h at 1250°C. The as-implanted profile is also shown as a reference. In SIMS data, the increase of 30 Si concentration close to the surface ͑0-20 nm͒ is an artifact from silicon-nitride caps, and that deep in the bulk ͑Ͼ160 nm͒ in the 200-nm-thick sample is 30 Si that diffused from nat Si substrates ͑800 nm below the 28 Si epilayer͒ during the thermal oxidation to prepare the sample.
Refs. 6 and 17. In Fig. 2 Si self-diffusion. Furthermore, we found in the simulation that the 28 SiO concentration in the 30 Si region becomes higher at longer annealing times until it reaches the maximum concentration. The simulation results for the 300-nm-thick sample at 1250°C for 6 and 24 h are shown in Fig. 3 . The selfdiffusivities, assuming a constant diffusion coefficient, show an enhancement of a factor of 4 and are 1ϫ10 Ϫ17 cm 2 /s for 6 h and 4ϫ10 Ϫ17 cm 2 /s for 24 h. This time dependence arises because the SiO diffusion is so slow that more 28 SiO molecules are arriving from the interface with time, and the self-diffusivity, assuming a constant diffusion coefficient, therefore increases for a longer annealing time. In order to confirm this prediction, we performed an experiment for the time dependence. The results for the 300-nm-thick sample are shown in Fig. 3 . The simulated and experimental profiles almost coincide and this confirms the validity of our model. We mention that the simulated results were obtained using the same parameter values for both annealing times. The time-dependent diffusivity was also observed for the 200-nm-thick sample after the same annealing and after 72 and 168 h at 1200°C. For both cases, the experimental profiles were also fitted by using the consistent set of parameters. In the previous studies on Si self-diffusion in SiO 2 , the effect of the Si/SiO 2 interface has not been taken into account and the diffusivity has been obtained assuming a constant diffusion coefficient. However, as shown in this study, the selfdiffusivity depends on annealing times and SiO 2 thickness and is described by a modified Eq. ͑7͒, D Si ϩD SiO SD C SiO (x,t)/C SiO 0 , which depends on x ͑depth͒ and t ͑time͒. This means that fittings assuming a constant diffusion coefficient are physically unreasonable. In this context, the present work should be regarded as theoretical and experimental evidence of time-dependent self-diffusivity in SiO 2 .
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